In this paper a novel approach to frequency-domain fluorescence lifetime imaging (FLIM) is described. In a CCD camera a single pixel is defined by a charge pattern on a group of electrodes. By modulation of the pattern of voltages defining the pixel structure it is possible to modulate the sensitivity of the CCD at radio frequency. The modulation enhances the noise performance of the CCD, in contrast to the deterioration in performance seen when an intensifier stage is similarly modulated. The new technology has potential applications to a wide range of assays as well as in conventional FLIM applications. Unlike intensifier-based systems, the directly modulated CCD is physically small, inexpensive, robust and offers superior resolution and noise performance.
Introduction
Fluorescence lifetime imaging (FLIM) is a well-established technique that increasingly is finding applications in microscopy. Measurement of fluorescence lifetime can be used to detect most types of 'quenching' process and allows appropriate corrections to be made for improved quantification of luminescence. In addition, FLIM provides a contrast mechanism that differs from that of fluorescence intensity imaging. FLIM in the frequency domain was introduced more than 10 years ago (Morgan et al., 1990a, b; Morgan, 1991) and in subsequent work (Lakowicz & Berndt, 1991 .) the acronym 'FLIM' was introduced. The feasibility of adapting a confocal laser scanner was also discussed in early work (Morgan, 1991; Morgan et al., 1992a,b) . A confocal laser-scanning microscope was adapted to FLIM (Buurman et al., 1992) and recently electronics for time-correlated single photon counting have become available commercially from Becker and Hickl GmbH ( Berlin, Germany) for lifetime imaging using a laser scanner.
FLIM requires a pulsed or modulated excitation source and a detector capable of the requisite time resolution. Excitation sources are commonly pulsed or modulated lasers (Szmacinski & Lakowicz, 1995) , directly modulated gas discharge lamps (Morgan et al., 1992b (Morgan et al., , 1996 or, more recently, pulsed or modulated light-emitting diodes emitting in the blue and green (Sipior et al., 1996) and UV (Araki & Misawa, 1995; Morgan et al., 1997; Sipior et al., 1997; Herman et al., 2001) spectral regions.
An imaging detector is necessary if FLIM is to be implemented in a wide-field (i.e. non-scanning) microscope. The usual method to implement time-resolved imaging is to use an electronic camera equipped with an image intensifier. The principles of this approach have been discussed in earlier work (Morgan et al., 1990b; Lakowicz et al., 1991; Morgan, 1991) . The intensifier allows the sensitivity of the camera to be switched in nanoseconds or less, or to be modulated at radio frequencies.
Although the image intensifier is capable of very fast operation, it has several important disadvantages. As an optical amplifier the intensifier is relatively 'noisy'. An image must be integrated for some time in order to smooth out the statistical fluctuations introduced by the intensification stage, even if this is used at low 'gain'. This is particularly important for FLIM because the data processing involved in calculation of a fluorescence lifetime image requires interimage arithmetic (e.g. between images taken as a function of delay or phase-shift relative to the excitation modulation). This markedly amplifies any noise in the component images.
A second problem with the image intensifier is the relative difficulty of switching or modulating the device. Essentially, if very fast modulation is required it is necessary to provide the photocathode of the intensifier with a conductive coating or mesh. If this is not done then a marked 'iris' effect is seen as the centre of the photocathode responds to voltage pulses or modulation signals less efficiently and somewhat later than the periphery. Conductive metal films compromise the optical efficiency of the intensifier to some extent, whereas grids and meshes partially obscure the photocathode and can sometimes introduce spurious optical effects into images. Modulation or repetitive switching of the gain of an intensifier also requires significant electrical power and this can result in drift in optical performance over time due to artefacts associated with heating of the photocathode (Boddeke, 1999) . It has been suggested (L. K. van Geest, personal communication) that reversible changes in photocathode performance are associated with desorption of caesium from the surface.
Other problems with intensifiers include relatively high cost, particularly if the unit is specified to be relatively free from optical blemishes, and ease of damage. The spatial resolution of the intensifier may be markedly inferior to that of the camera used to record its output, and optical artefacts such as 'chicken wire' are well known to be associated with the use of fibre-optic coupling between camera and intensifier.
Solid-state CCD imagers are relatively inexpensive, physically small and robust. The quantum efficiency of a CCD sensor depends on the details of construction, but a figure in the order of 50 -60% is not uncommon. This compares favourably with the photocathode response of an intensifier at its wavelength of peak response. CCDs are especially useful for imaging in the far red, where intensifiers usually perform poorly. A CCD sensor is physically small and easily cooled with a compact Peltier heat pump. Cooled CCDs have very low thermal noise and can accumulate charge for long integration periods to achieve excellent signal-to-noise figures and high precision digitization, even under conditions of very low light intensity.
It would be very desirable to develop a CCD sensor that could be modulated in sensitivity at high speed without the use of an intensifier stage for FLIM and related measurements. One interesting approach to this has been described recently (Lange et al., 2000 (Lange et al., , 2001 , based on the use of specially constructed image sensors with custom-designed pixel structures. The resolution and fill-factor of the preliminary devices described are somewhat limited and the cost of such specially fabricated sensors would be prohibitive for most applications. In this paper we describe an alternative approach to demodulation measurements using a commercially available CCD sensor, and present preliminary results that demonstrate the feasibility of direct CCD modulation.
Materials and methods
The CCD used in this work was an FT12 'Frame Transfer' sensor in a Peltier-cooled housing and was purchased from Starlight Express FDE Ltd (Berks, UK). The drive and modulation control electronics for the CCD imager, and image acquisition and control software were produced by Photonic Research Systems Ltd (PRS, Salford, U.K.). Two systems were used for testing. For steady-state measurements and for modulation at frequencies up to a few kHz an array of fixed logic gates controlled directly from a Pentium computer was used with software working from routines written in assembler controlled by Microsoft 'Quick-Basic TM v. 4.5'. This allowed all relevant functions of the camera to be controlled directly.
For higher frequencies this approach could not be used, as system 'interrupts' compromised timing and an alternative readout and control system was developed. The highfrequency gate control circuit consists of a series of buffers, 4-line switches and an 8-bit bi-directional shift register. At the beginning of the modulation period two sets of 4-bit patterns are loaded into the 8-bit bi-directional shift register under software control. To achieve modulation a TTL clock signal from an external frequency source is applied to the clock input of the shift register to shift the output of the 8-bit register alternatively left and right, thus repetitively switching the control pattern applied to the imaging gates.
As well as controlling the imaging gates the modulation circuit generates a light source modulation control signal to allow a fluorescence excitation source to be switched on and off synchronously with the modulation of the camera. A programmable delay allows the relative phase between the light source and camera modulation to be varied.
Modulation measurements were conducted using a pulsed 470 nm blue LED from Nichia (Tokushima, Japan) as excitation source. The LED was cooled using a fan-assisted Peltier heat pump in a housing constructed by PRS and containing an integrated drive amplifier. The LED was driven with a duty cycle of 100 : 1 at a repetition rate of 1 MHz, and light output increased almost linearly with drive current up to the limit of 1 A set by the drive electronics. The profile of the light pulse from the new system was studied using a Hamamatsu photomultiplier module having a risetime of 600 ps, connected to a LeCroy 9010 300 MHz digital oscilloscope. Two LED drive circuits giving pulses of the order of 7 and 13 ns, respectively, were used in the experiments. The light source with the longer pulse length gave higher light output and was used for imaging experiments with ethidium bromide described later.
Results and discussion
The FT12 is a high sensitivity, low noise frame transfer CCD imaging sensor with a maximum imaging resolution of 1024 × 1024 pixels. The FT12 CCD detector is divided into two areas; the exposure area and the storage area. Under normal operating conditions the exposure area is drained to remove any unwanted charge, after which it is allowed to integrate an image for a set exposure time. At the end of the exposure time the integrated charge pattern is rapidly shifted down into the masked storage area. From this area the charge may be read out at a relatively slow rate into an appropriate storage or display device.
The transfer of charge is accomplished using a four-phase clock system. Each row of pixels is associated with a set of four electrodes or 'gates'. The voltage levels of these gates determine the position of the centre of the 'charge well' associated with each pixel. By switching the vertical transfer gates cyclically in a predetermined pattern it is possible to transfer the array of pixels down by one video scan line at a time. This process is known as 'four-phase charge transfer'. At the end of a charge transfer cycle all of the gates have returned to their original voltage levels but the charge pattern stored in the sensor has been shifted down by one line.
As well as controlling the vertical movement of charge across the sensor, the vertical transfer gates also determine the position of the centre of charge collection during the image integration time. By varying the position of the centre of charge collection from frame to frame it is possible to produce an 'interlaced' image with increased resolution.
During image integration at least one of the vertical transfer gates must be held at a lower potential than the others in order to allow charge accumulation in separate pixels to occur. When two or three of the four gates are held at a lower potential, charge accumulation still occurs but the sensitivity of the CCD is reduced. This behaviour is disclosed in the data sheet for the FT12, and constitutes part of its normal operating characteristics. It is important to note that the change in sensitivity associated with altering the number of active imaging gates is only observed when the camera is used in its 'antiblooming' mode. Here the effect is to alter the effective spatial location and depth of the potential well within which signal is stored. Charge that has been accumulated under one configuration of gates is not lost when the number of active gates is changed.
The fact that it is possible effectively to change the optical sensitivity of the CCD without losing accumulated charge suggests that a modulation process might be possible. Appropriate cyclical control of the pattern of potentials on the imaging gates would be expected to induce a periodic change in the sensitivity of the CCD. Used in conjunction with a phase-locked light source a FLIM imager could be constructed in principle. The practical utility of this approach is determined by modulation bandwidth and factors such as power dissipation in the sensor and the effect of cyclical modulation on noise performance and imaging quality of the CCD. The principles on which the modulation scheme is based are illustrated in Fig. 1(a) and (b) .
The FT12 sensor is designed for use with a fixed bias voltage applied to the substrate. This voltage is optimized by the manufacturers for each batch of chips and affects the effective depth of the potential wells in the imaging area and the readout noise of the sensor. The appropriate substrate voltage for 'normal' use might not be the optimum for our proposed application. The control electronics constructed by PRS allowed both the substrate bias voltage and the pattern of potentials applied to the imaging gates to be externally controlled. A schematic block diagram of the whole test system is shown in Fig. 2 .
To measure the sensitivity of the camera a stabilized blue LED light source was used to illuminate a white paper target to diffuse the source. For each measurement one image was recorded with the light switched on and a second was recorded with the light switched off. The average signal within each image was calculated and the difference between the 'light-on' and 'light-off ' image values was used as a measure of the camera's sensitivity. Figure 3 shows the relative sensitivities measured under steady-state conditions for all the possible image integration gate positions at substrate bias voltages ranging from 18 to 28 V. In this figure the four image gates are referred to as A1, A2, A3 and A4. These data show that the largest variation in sensitivity is achieved by switching between one and three active integration gates at a substrate bias of between 26 and 28 V for the sensor used. As the bias voltage rises above 28 V, the sensitivity and predicted modulation depth for all possible gate setting begins to decrease.
For a normal CCD detector the level of integrated signal is linearly proportional to integration time for a given light level as long as the full well capacity for a given pixel is not exceeded. Beyond this point, other effects such as 'blooming' (the leakage of charge from one pixel into its neighbouring pixels) begin to occur. As the proposed modulation scheme involves repetitively changing the number of active gates under which charge accumulation can occur, this might have an impact on the effective full well capacity of the CCD during modulated imaging. To study this, the accumulated signal level was recorded as a function of integration time for three different gate settings. Figure 4 shows the results of this experiment. The full-well capacity of the CCD is reduced by a factor of approximately two for modulated imaging, as judged by the maximum signal that can be read out of the sensor with a given A/D converter setting. During normal operation images are integrated using three active gates on the CCD sensor. The image is then read out using a four-phase clock that cycles between two and three active gates. Thus the limiting full well capacity is the amount of charge that can be stored under two active gates. Under the modulation scheme described, the CCD charge storage is switched between one and three active gates, thus limiting the full well capacity to the amount of charge that can be stored under a single gate. It seems likely that this accounts for the measured change in full well capacity on modulation of the sensor. In order to determine the influence of high frequency modulation on the noise properties of the FT12, the sensor was shielded from light and dark signal was measured as a function of integration time. Measurements were made under normal (unmodulated) imaging conditions and using CCD modulation at 50 and 500 kHz for a cooled camera at −24 °C. The results shown in Fig. 5 demonstrate that the modulation process actually decreases the rate of accumulation of dark noise on the CCD. This is somewhat surprising, given that the modulation process must result in some power dissipation in the sensor. The predicted value of accumulated signal shown in Fig. 5 is based on the operating conditions, which lead to a 50% reduction in sensitivity for 50% of the integration time (i.e. a square-wave modulation with a 1 : 1 duty cycle and an overall modulation depth of 33%). This leads to a predicted sensitivity that is 75% of that of the unmodulated CCD camera, which should also be reflected in the thermal 'noise' accumulation.
To test the modulation properties of the FT12, a test target was illuminated with a blue LED driven from the computer with a unity mark-space ratio. For each modulation frequency images were recorded for an integration time of 1 s with the excitation source first in phase and then in antiphase with the camera modulation, and in addition an image was accumulated without illumination. For all of these images phase shifts were applied to the light source modulation so that modulation conditions for the CCD were constant throughout. The 'dark image' measurements allowed subtraction of contributions from signals such as thermal CCD noise, A-D offset and traces of ambient light, so that the true modulation characteristics of the detector could be determined.
Imaging gates were modulated between active positions 2, 3 and 4 (high sensitivity) and active position 3 (low sensitivity). In addition to the collection of the modulated images, the DC sensitivity of the camera was also measured using each of these gate settings. All measurements were conducted with the sensor cooled to −16 °C. Results demonstrated that a constant modulation depth was obtained up to a frequency of about 9 MHz, with a gradual decrease thereafter up to a frequency of approximately 12 MHz, when modulation ceased abruptly. Further investigation revealed the limit of modulation to be a consequence of the limited bandwidth of the pulse driver. The abrupt cessation of modulation, rather than a smooth roll-off, suggests that the signals are falling below a critical threshold within the sensor, beyond which operation is not possible.
To investigate the modulation properties of the CCD in more detail the time course of the change in sensitivity was measured over a complete modulation cycle. In this experiment the LED is used as a fast-pulsed test source recording images as a function of delay, as shown in Fig. 2 . Here the host computer sets the starting phase position of the light source trigger relative to the switching of the FT12 image gates. For each measurement the CCD was modulated for 1 s at a frequency of 100 kHz with the light source being triggered synchronously at the same frequency with the specified delay time. A similar series of measurements, where the CCD was modulated but the light source was not triggered, was used for background subtraction. Figure 6 shows the results of this experiment. The data shown are obtained by averaging pixel values from the respective images and represent a convolution of the 7 ns light pulse with the temporal response of the CCD.
As a demonstration of the potential application of the system to fast time-resolved fluorescence imaging, the apparatus shown in Fig. 2 was used but the paper target was replaced by a microwell plate containing the samples, the neutral density filters were removed and a brighter light source with a slightly longer pulse width was substituted. Dilute solutions of free ethidium bromide and ethidium bromide bound to an excess of salmon-sperm DNA were prepared and excited in 'straightthrough' geometry with filtered blue light from the pulsed LED. Emission was monitored through a red transmitting interference filter.
Ethidium bromide binds to DNA with an increase in fluorescence lifetime, a red-shift in absorption spectrum and an increase in quantum yield. In the measurement shown, the free ethidium bromide is more fluorescent than that bound to DNA as a consequence of the relatively short excitation wavelength used.
Fluorescence was excited with a 13 ns pulse of light repeated at a frequency of 100 kHz. The time delay between switching of the CCD gates and pulsing of the light source was controlled using a two-channel programmable nanosecond pulse delay generator.
A series of images was recorded as a function of delay time between light source trigger and gate modulation of the CCD and is shown in Fig. 7 . The constant 'offset' component of the image must also be measured for subsequent subtraction. This could be recorded with an unmodulated light source and without modulation of the detector. There is a difference in average sensitivity between modulated and unmodulated imaging modes, however, so that the reference image must be scaled before subtraction. A good estimate of the DC component of the image, which avoids the need for scaling, is obtained by setting a long delay between the light source trigger and the CCD modulation control. Under these circumstances, the modulated component of the fluorescence has essentially decayed to zero and only the constant component of the signal is collected. A normalized plot of integrated signal as a function of delay is shown in Fig. 8 for the two samples. The   Fig. 6 . Variation in sensitivity of modulated frame transfer detector during the modulation cycle. The CCD substrate bias was 26 V, the CCD temperature was −16 °C, the integration time was 1 s and the light source was a pulsed blue LED with a FWHM (full-width at half-maximum) duration of 7 ns.
longer-lived emission of the DNA-bound ethidium bromide is clearly seen, although the decay profile is convoluted with the light pulse profile and the CCD response function.
Conclusions
It is clear that nanosecond measurements can be made using a frame transfer CCD without the need for an intensifier stage for gating. The present paper describes preliminary results that prove the principle of the approach. A faster response could be achieved with improved electronics, as the drivers associated with the sensor used in this study were not designed for very high speed switching. The ultimate limitation is likely to be the impedance of the gate structures on the sensor, which are known to have a substantial capacitance. There are two approaches to this problem if broadband operation is required. The most obvious approach is to investigate different frame transfer sensors to select a chip with minimal capacitance. An alternative is to use a chip where the image gates are split into sets, so that each set could be equipped with its own wide bandwidth drive electronics. CCDs with this type of architecture are available commercially as a result of the need for sensors that can be configured to match new TV imaging formats with different aspect ratios. It therefore seems likely that considerably higher modulation speed could be achieved with appropriate development.
It is worth noting that any comparison between the use of a CCD and an intensified system for modulated FLIM must take account of the noise performance of the systems. The modulation frequency that is required for FLIM measurements of a sample depends on the signal-to-noise ratio of the detector, so for a given fluorescence lifetime a modulated intensifier must be used at a higher frequency than an equivalent directly modulated CCD. On this basis it seems likely that directly modulated CCD imagers will find a place in FLIM technology in the relatively near future. Fig. 7 . Time-resolved images of ethidium bromide and ethidium bromide/DNA samples in a 384 well microwell plate recorded using modulated frame transfer CCD. For this experiment a blue LED source having a FWHM duration of 13 ns was used. 
